Comparative genomic hybridization (CGH) is a molecular cytogenetic technique that provides an overview on chromosomal imbalances within the whole tumor cell genome. This method has yet not been applied in effusion cytology. We performed CGH analysis in malignant effusions, fine needle aspirates, and imprint smears from eight ovarian adenocarcinomas, three breast carcinomas, one colon adenocarcinoma, and three malignant mesotheliomas. In part, CGH analysis from fresh frozen tissue and classic karyotyping served as controls. In this series, 14/15 cytologic specimens were suitable for extraction of high molecular weight DNA sufficient for reliable CGH analysis. CGH profiles from cytologic material were equal or even more significant in comparison with corresponding fresh frozen tumor samples. We conclude that CGH analysis from cytologic specimens may support the primary cytologic diagnosis of malignancy, especially in the differential diagnosis of benign proliferating mesothelium, malignant mesothelioma, and metastatic adenocarcinoma. CGH analysis of metastatic lesions may provide information on the site of the primary tumors and detects cytogenetic imbalances affecting oncogenes and tumor suppressor genes involved in tumor progression and metastatic spread. A specific cytologic diagnosis based on morphological criteria alone is limited in various pathologic conditions including, for example, effusion cytology. In such cases, immunocytochemistry is frequently used to provide additional information. However, even the use of a panel of different antibodies does not achieve 100% sensitivity and specificity. Other methods for optimizing sensitivity and specificity in the cytologic diagnosis include DNA cytometry (1) and an increasing number of molecular genetic methods (2-4).
A specific cytologic diagnosis based on morphological criteria alone is limited in various pathologic conditions including, for example, effusion cytology. In such cases, immunocytochemistry is frequently used to provide additional information. However, even the use of a panel of different antibodies does not achieve 100% sensitivity and specificity. Other methods for optimizing sensitivity and specificity in the cytologic diagnosis include DNA cytometry (1) and an increasing number of molecular genetic methods (2) (3) (4) .
Comparative genomic hybridization (CGH) is a molecular cytogenetic method first described by Kallioniemi and coworkers (5) , which scans the entire genome in a tumor sample and thus provides an overview on DNA sequence copy number changes. Based on fluorescence in situ hybridization, CGH measures the ratio between fluorochrome-labeled tumor DNA and differently fluorochrome-labeled normal DNA hybridized simultaneously to normal target metaphase chromosomes. Computer-based analysis of the fluorescence pattern reveals losses, gains, and amplifications of chromosomal segments (6) . CGH analysis has been reported in Ͼ2400 solid neoplasms, and the results were recently reviewed (7, 8) . However, this method has not yet been widely considered as a diagnostic adjunct in the cytological investigation of human neoplasms.
This study should not provide a detailed cytogenetical evaluation of a specific tumor type, but rather evaluates whether common cytologic materials, especially effusion specimens, are suited for genomic analysis by CGH.
Additionally, conceivable practical applications of CGH analysis in the cytological diagnosis are discussed.
MATERIALS AND METHODS

Cytologic Specimens
The cytologic material investigated consisted of 11 malignant serous effusion specimens, 2 fine needle aspirates (FNAs), and 2 imprint smears from malignant solid tumors. Clinical data and cytologic and histologic diagnoses from all 15 patients are summarized in Table 1 . Fine needle aspirates were performed using a 23-gauge needle attached to a 10-mL plastic syringe. From each case, at least two slides were stained according to May-Grünwald-Giemsa (MGG) and Papanicolaou for cytological analysis. In single cases, additional immunocytological stainings were performed to support the morphological diagnosis.
In all cases with the cytological diagnosis of adenocarcinoma or metastatic adenocarcinoma, the histologic slides and/or the clinical charges were reviewed for the primary tumor. The three cases cytologically suspicious for malignant mesothelioma were verified by subsequent histology.
From each case, cytological material was reserved for molecular analysis. From five malignant effusions, 10-mL aliquots were processed by centrifuge at 1000 rpm for 5 minutes, the supernatant was discharged, and pelleted cells were snap-frozen in liquid nitrogen and stored at Ϫ70°C until further processing. From the remaining cases, air dried (for Ն24 h at room temperature) and unstained smears were wrapped in aluminum foil and stored at Ϫ70°C until DNA extraction.
Fresh Frozen Tumor Tissue
From three carcinomas (Nos. 4, 9, and 11), fresh frozen tumor tissue corresponding to the cytologic specimens were snap-frozen in liquid nitrogen and stored at Ϫ70°C.
DNA Isolation and CGH Analysis
For CGH, DNA was isolated in 10 cases from either unstained or MGG stained smear preparations containing 10 5 to 10 6 cells and in the remaining 5 cases, from frozen cell pellets. MGG-stained smears were stored overnight in xylol to remove cover slides and then subsequently destained in methanol, rehydrated, and washed in PBS-buffer. For efficient yield of tumor DNA from cell smears, lysis buffer (Qiagen, Hilden, Germany) containing proteinase K (1 mg/mL final concentration; Roche, Mannheim, Germany) was dropped on the slides, then covered by a second slide and incubated at 56°C overnight in 50-mL falcon tubes placed in a rotor shaker (30 rpm). The lysate was recovered by centrifugation (5 min, 2500 rpm). In all cases, digestion by proteinase K was followed by spin column puri- fication (Qiagen). CGH analysis was principally performed as described previously (9) .
Preparation of Metaphases
Human lymphocytes were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum. Phytohemagglutinin (0.1 mg/40 mL medium) was added to stimulate growth of the lymphocytes. After 3 days of cell culture, mitotic cells were arrested by colchicine incubation followed by hypotonic treatment and subsequent fixation in methanol-acetic glacial acid (3:1) at 4°C. After repeated washing in ice-cold fixation solution, metaphases were dropped on water-rinsed glass slides. They were then subjected to digestion with pepsin in 0.01 N HCl.
Nick Translation and Hybridization
Briefly, labeling of tumor DNA with biotin-16-dUTP (Roche, Mannheim, Germany) and of normal reference DNA with digoxigenin-11-dUTP (Roche) was carried out by standard nick translation. The denatured DNA probe containing 2 g of tumor DNA, 1.5 g ov reference DNA, and 80 g of Cot-1 DNA (Roche) was hybridized for 3 days to a normal metaphase spread (15 ϫ 15 mm cover glass area). The slides were then washed extensively, blocked with bovine serum albumin (BSA) solution, and incubated with fluorescein-conjugated avidin (Vector Laboratories, Burlingame, CA) and rhodamineconjugated antidigoxigenin (Roche). The slides were washed and mounted in antifade solution (Vector Laboratories) containing 2.5 g/mL of 4.6-diamino-2-phenylindole (DAPI) counterstain.
Digital Image Analysis
Digital images of metaphase slides were obtained with a charge-coupled device (CCD) camera on a Zeiss Axioskop 2 epifluorescence microscope using filter-set for DAPI, fluorescein isothiocyanate, and rhodamine fluorescence. Images were analyzed with Quips CGH software (Applied Imaging, Santa Barbara, CA). The average green-to-red ratio for each case was calculated for Ն10 metaphases, and only definitively assigned chromosomes were included for analysis. Poorly or inhomogeneously stained metaphases were excluded from analysis, as well as heavily bent or overlapping chromosomes. Threshold values for green-to-red ratio profiles were set on 0.8 and 1.2, respectively, to indicate significant losses and gains of chromosomal material (6) . Chromosomal aberrations were scored as borderline when the ratio profile bordered to the threshold value or had broken regions that failed to surpass the threshold value. Imbalances indicated by ratio profiles as a trend were not considered for profile analysis. Gains of chromosomal material surpassing the threshold of 1.5 were defined as high-level amplifications. Centromeric regions, the short arm of the acrocentric chromosomes, and the heterochromatin blocks on 1q12, 9q12, 16q11.2, and Yq12 were excluded from CGH profile analysis.
Cell Culture and Classic Cytogenetics
Sedimented cells from three malignant effusions were seeded in 25-cm 2 culture flasks for short-term cell cultures. Cells were cultured in RPMI-1640 medium supplemented with L-glutamine and 10% fetal calf serum (FCS) at 37°C in a humidified 5% CO 2 -95% air atmosphere. In one case, the tumor cells did not grow. From both remaining cases, chromosome preparations were performed as described previously (10) . More than 20 DAPI-banded metaphases were karyotyped according to the International System for Human Cytogenetic Nomenclature.
RESULTS
Cytomorphologic Analysis
In 12 cases, the cytologic smears were predominately composed of atypical cells, and the cytologic diagnosis of adenocarcinoma or metastatic adenocarcinoma was made (Fig. 1A) . In the three remaining cases, the cytologic findings were suspected of malignant mesothelioma, and all of these were confirmed by subsequent histology, as well as differentiated malignant mesothelioma of epithelial type in one case and biphasic malignant mesothelioma in two cases (Fig. 1B) . The cytological findings and histological diagnoses from corresponding primary tumors are summarized in Table 1 .
DNA Extraction
DNA extraction from air-dried cytologic smears and from cell pellets yielded genomic DNA of high molecular weight as shown for three samples in Figure 2 . The DNA extraction from the fresh frozen tissues also yielded high molecular weight DNA comparable to the cytologic material.
CGH Analysis
CGH analysis was carried out successfully in all cases except Case 15, which lacked a green fluorescence signal because of insufficient incorporation of biotin-16-dUTP during nick translation.
CGH analysis demonstrated in all 14 cytologic specimens composed of various malignant cells, mostly complex genomic aberrations with gains and losses of chromosomal material (Table 2) . Imbalances seen only as a trend were not considered for analysis. Chromosomal gains were a more frequent finding than chromosomal losses (mean 8.8 gain per tumor versus 5 loss per tumor). The genetic imbalances are shown graphically in Figure 3 for the eight ovarian carcinomas and for the remaining six malignancies.
Ovarian Carcinomas
On average, 19.6 genetic changes were found in the ovarian carcinomas (Nos. 1-8), with a range of 8 to 35. The most frequent gains involved parts or the entire long arm of chromosomes 8 (100%), 20 (88%), and 3 (63%). The most frequent losses occurred at chromosome 4q (75%), 18q (63%), and 9q (50%). High-amplification sites were found in three cases on 8q, in two cases on 20q, and in one case on 17q and 20p. Ratio profiles of Ϫ9p and ϪXp in Case 2 reached the value of 0.6.
Breast Carcinomas
DNA copy number changes in three breast carcinomas (Nos. 9, 10, and 11) ranged from 7 to 11 and demonstrated, among others, gains at 8q23qter, 19q, and 20q in two cases each and losses at 11q in two cases. A high-level amplification was detected at 11q11q14. 
Colonic Carcinoma
The metastatic adenocarcinoma of the colon (No. 12) demonstrated seven DNA copy number changes, including gain of Xq11q21, 8q23q24.1, and 17q11q12.
Malignant Mesotheliomas
This study included three cases (Nos. 13, 14, and 15) of histologically verified malignant mesothelioma. CGH analysis from a MGG-stained smear preparation (No. 13) and one cell pellet (No. 14) demonstrated significant genomic imbalances. CGH from malignant mesothelioma of epithelial type (No. 13) revealed the loss of 6q. In this case, a loss of 22q was found tendentiously, which is not included in Figure 3B . The biphasic malignant mesothelioma No. 14 showed gains at chromosomes 1p36, 16p, 17, and 19. In Case 15, the CGH analysis failed.
Comparison between CGH and Classic Cytogenetics
In one case of ovarian serous papillary adenocarcinoma (No. 6), short-term cell culturing of tumor cells from ascites for conventional karyotyping was successful and revealed the following complex aneuploid karyotype: 55-64, X, ϪX, ϪX, del (1) (p36), add (1) (p32), ϩadd (1) (p36), Ϫ2, ins (3) (p25), del (3) (p21), ϩadd (3) (p11), Ϫ4, add (4) (p15), del (5) (q11q13)ϫ2, add (6) (p21), ϩ8, Ϫ9, Ϫ11, Ϫ12, Ϫ13, Ϫ15, add (15) (q25), Ϫ16, Ϫ17, Ϫ19, ϩmar 1, ϩmar2(cp29). Although direct comparison remains problematic because of the complex karyotype with several aberrant chromosomes, CGH analysis from the cytologic specimens shows in part corresponding genetic imbalances including gain of 3q and loss of X, 1p36, 3p21, 5q13, and 17.
Conventional karyotyping of one case of biphasic malignant mesothelioma (No. 15) presented loss of chromosomes 14 and 22. However, in this case CGH analysis from corresponding cytologic slides for comparison was not successful.
Comparison between CGH from Cytologic Specimens and from Fresh Frozen Tissue
In three carcinomas (Nos. 4, 9, and 11), CGH analysis was performed simultaneously from the cytologic material (Fig. 1C) and from corresponding fresh frozen tumor tissue (Fig. 1D) . In comparison to the fresh frozen tumor samples, CGH from cytologic specimens demonstrated equal or more significant ratio profiles of chromosomal gains and losses as shown in Figure 4 for the imbalances on chromosomes 11 and 20 in Case 9.
DISCUSSION
In the present work, CGH results were successfully obtained in 14 of 15 cases under investigation, demonstrating strikingly the efficacy of cytologic specimens for CGH. Cell pellets from serous effusions, air-dried unstained, and MGG-stained smear preparations from effusion specimens and from fine needle aspirations as well as imprint smears are all suitable for isolation of well-preserved high molecular weight DNA. Generally, one smear preparation containing 10 5 to 10 6 malignant cells was sufficient in quality and quantity for CGH analysis without prior PCR amplification of genomic DNA. Degradation of DNA caused by formalin fixation and paraffin embedding, which frequently decreases sensitivity of molecular analysis in routine histologic material (11, 12) , did not occur in the cytologic specimens. Moreover, for CGH analysis, there is not only a considerable advantage of cytologic specimens in comparison to formalin-fixed tissue but also to fresh frozen tissue. The chromosomal imbalances detected by CGH analysis were as significant or even more significant in fine needle aspirates and imprint smears than in corresponding fresh frozen tumor tissue (Fig. 4) . This difference may be caused by the more selective aspiration of tumor cells in fine needle aspirates, which prevents dilution effects from admixture with tumor-accompanying nonneoplastic stromal cells and adjacent nonneoplastic tissue (6) . For instance, the fine needle aspiration smear (Fig. 1C ) from mucinous breast carcinoma (Case 9) contains almost exclusively carcinoma cells embedded in a mucinous substance, whereas in the corresponding histologic section (Fig. 1D) , areas of carcinoma cells are surrounded by a benign stroma tissue.
The resolution of CGH in detection of chromosomal imbalances is reported to be Ն3-10 megabases (6, 13) . However, the sensitivity of detecting single copy number changes is decreased in polyploid tumors (14) . Balanced structural aberrations as inversions, reciprocal translocations, or imbalances affecting only smaller regions or single mutations are not detectable by means of CGH. There are in fact only few reports on the comparison of CGH and karyotyping in solid tumors, and these deal with concordant results in most but not all cases, and usually more imbalances are detected by CGH analysis (11) . Discrepancies of both methods are likely to be explained by the selection of specific tumor cell clones in cell culturing but not in material for CGH analysis. Therefore, the limited part of human solid tumors that present evaluable karyotypes by cell culturing cannot provide a representative overview of cytogenetic aberrations for the broad spectrum of tumors (7) .
In this series, a comparison of CGH results with findings of classic cytogenetic techniques was expe- dient in one case (Case 6) of a metastatic serous papillary ovarian adenocarcinoma. Tumor cells obtained from ascites fluid were successfully obtained in short-term cell culture. The numerical and structural aberrations of DAPI-banded karyotype were in part also identified by CGH analysis in corresponding cytologic material either significantly or as borderline imbalances. This partial correspondence and the detection of additional aberrations by CGH that were not identified by karyotyping are in accordance with data from the literature (11) and confirm that CGH is a reliable and sensitive method for detecting DNA copy number changes in malignant effusions. Our experience with CGH in cytogenetic analysis of malignant effusions is that CGH is much more efficient than short-term culturing of metastatic carcinoma cells obtained from effusion specimens because of the contamination of cell cultures with proliferating mesothelial cells and fibroblasts.
From a diagnostic point of view, molecular genetic methods should provide information to support the morphologic diagnosis. In cytodiagnosis, a reliable distinction between benign reactive mesothelial proliferation, malignant mesothelioma, and metastatic adenocarcinoma requires additional techniques in many cases (1, 3) .
Our series includes three cases of histologically verified malignant mesothelioma. In one case (Case 15), conventional karyotyping demonstrated loss of chromosomes 14 and 22 (data not shown), and in the others, CGH analysis revealed loss of 6q and 22q tendentiously (No. 13) as well as gain of 1p36, 16p, 17, and 19 (No. 14). Such obvious chromosomal imbalances favor the diagnosis of a benign or malignant neoplasm and argue against a reactive condition (15, 16) . In addition, loss of 6q and 22q, as well chromosomes 14 and 22 represent some of the most frequent and tumor-specific genetic imbalances in malignant mesothelioma (17) (18) (19) (20) (21) , thus supporting cytologic diagnosis of malignancy (22) . In contrast, loss of 22q is a very uncommon CGH finding in non-small-cell lung carcinomas (8, 23 ), a tumor type, which must be distinguished from malignant mesothelioma.
Recently, it was demonstrated that genetic aberrations of primary tumors also frequently occur in their metastases, often combined with additional imbalances (24) . This consistency in the pattern of chromosomal imbalances during tumor progression may be useful in cytology of metastatic lesions. On the one hand, detection of characteristic imbalances may result in conclusions on the site of the primary tumor (7), and on the other hand, comparison of the cytogenetic pattern in the metastatic lesion with a known primary tumor supports the relationship between these two lesions and rules out a second independent malignant tumor.
In metastatic ovarian carcinomas, which made up the majority of tumors in this series, the most frequent chromosomal gains included the long arms of chromosomes 8, 20 , and 3, the most frequent losses included the long arms of chromosomes 4, 18, and 9. This pattern of chromosomal imbalances is in accordance with results of previous investigations of CGH in large numbers of primary ovarian carcinomas (14, (25) (26) (27) (28) . Although these imbalances are not exclusively found in ovarian carcinomas, our findings support the hypothesis that chromosomal aberrations of the primary tumor can also be identified in its metastatic lesions. Moreover, in all metastatic ovarian carcinomas of our series, gain or high amplification of 8q24.1 was detected, as has previously been reported to indicate advanced-stage ovarian carcinomas (26) . Our results confirm these data from the literature and highlight the perspectives of CGH analysis of cytologic specimens. Cytologic material from metastatic lesions as malignant effusions represent advanced-stage, generally genetically unstable tumors. Cytogenetic analysis of such tumors by means of CGH may detect genetic imbalances that will give important information on prognosis in particular types of cancer (16) . Furthermore, detailed molecular genetic analysis of such unstable chromosomal sites might identify the involvement of oncogenes and tumor suppressor genes that contribute to progression and metastasis of cancer (20, 27) . This hypothesis may be applicable for the myc oncogene that is located at 8q24.1 and that is amplified in Յ30% of ovarian carcinomas (26) or for the cyclin D1 gene in breast carcinomas, which is located on 11q13 (29) . Cytologic specimens present a methodical advantage for molecular investigations (30) , because the yield of well-preserved messenger RNA is more efficient in contrast to formalin-fixed tissue. Therefore, cytologic specimens appear to be suited for subsequent RNA expression analysis in tumors that present gene amplification sites in CGH.
In conclusion, CGH is a powerful tool for identifying chromosomal imbalances in cytologic specimens, in fine needle aspirates as well as in fluid samples. CGH analysis in cytology may help to confirm the diagnosis of malignancy, especially in the differential diagnosis of benign mesothelial proliferation, malignant mesothelioma, and metastatic adenocarcinoma in serous effusions. In cytology of metastatic lesions, the relation to primary tumors may be elucidated by the consistency of chromosomal imbalances in primary and metastatic lesions. Cytology combined with CGH analysis represents a noninvasive method for genetic studies of advanced stage tumors and involvement of specific genes in progression of cancer.
